Thyroid hormones play an essential role in fetal growth. Hypothyroidism impairs reproductive function in both humans and animals. The aim of this study was to assess the effects of fetal hypothyroidism on uterine smooth muscle contraction and structure in the adult offspring. The control group of female Wistar rats consumed tap water, whereas the hypothyroid group received water containing 0.025% of 6-propyl-2-thiouracial throughout gestation from mating until delivery. Isometric contractility and histological changes in uterine tissue were evaluated in the adult female offspring. We tested the effects of carbachol (10 −10 -10 −3 M) and oxytocin (10 −13 -10 −8 M) on uterine smooth muscle contraction in the fetal hypothyroid (FH) and control groups. Compared with control uteri, carbachol induced contractions with lower amplitude in the FH group (area under the curve: 1820.0 ± 250.0 versus 1370.0 ± 125.0 a.u., control versus FH group, respectively, P < 0.001) and frequency (86.4 ± 7.3 versus 37.0 ± 6.1 a.u., P < 0.001). Likewise, after exposure to oxytocin the amplitude (6614.0 ± 492.2 versus 4793.0 ± 735.2 a.u., P < 0.001) and frequency (367.4 ± 32.0 versus 167.0 ± 39.0 a.u., P < 0.001) of uterine contractions in the FH group were significantly lower than in the control group. In addition, the thickness of the endometrium and smooth muscle layer and the cross-sectional area of the uterus were also significantly lower in the FH group. Gestational length was longer and litter size smaller in FH rats compared with control animals; FH offspring also had delayed puberty. In conclusion, thyroid hormone deficiency during pregnancy increased gestational length and decreased litter size; in the offspring, it delayed puberty onset, reduced uterine rhythmic contractions and resulted in uterine structural changes.
INTRODUCTION
Thyroid hormones are iportant for normal embryonic and postnatal development of animals and function of physiological systems later in life (Sedaghat, Zahediasl, & Ghasemi, 2015b) . Reproductive dysfunctions and irregularities in the reproductive cycle, have long been associated with thyroid disorders (Krassas, Poppe, & Glinoer, 2010) . There is strong evidence for the presence of thyroid hormone receptors in uterine smooth muscle nuclei and for a very significant influence of thyroid hormones on the contractility of uterine muscle (Öner & Öner, 2007) .
Thyroid hormone deficiency during prenatal and early postnatal development impairs ovarian development in rats (Thomas & Reid, 1987) , and hypothyroid rats have irregular oestrous cycles (ArmadaDias, Carvalho, Breitenbach, Franci, & Moura, 2001) . Untreated c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society maternal hypothyroidism is associated with pregnancy complications, including intrauterine growth restriction (Colicchia et al., 2014) and miscarriage (Dichtel & Alexander, 2011) . Hypothyroidism during pregnancy is associated with increased risk of preterm birth and impaired development of the pituitary-thyroid axis of the newborn in humans (Hou et al., 2015; Krassas et al., 2010) . On the contrary, in adult rats hypothyroidism is associated with increased gestational length (Karbalaei et al., 2013; Rao & Panda, 1980) . Hypothyroidism during pregnancy adversely affects mental performance of children (Amouzegar et al., 2014; Dichtel & Alexander, 2011) . Adult hypothyroid rats have dysfunction in the pituitary-ovarian axis and impaired follicular maturation (Armada-Dias et al., 2001) . Maternal hypothyroidism also decreases formation of the primordial follicle pool, the population of resting oocytes and the number of activated follicles, which are able to ovulate and form corpora lutea in rat Experimental Physiology. 2018;103:683-692.
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New Findings
• What is the central question of this study?
Does fetal hypothyroidism in rats alter uterine contractions and structure in the adult offspring?
• What is the main finding and its importance?
Our study indicated that maternal hypothyroidism during pregnancy increased gestational length and decreased litter size. In addition, maternal hypothyroidism caused delayed puberty onset, irregular uterine contractions and histological changes in the uterus in the female offspring.
This model might contribute to a better understanding of the cellular and molecular mechanisms involved in uterine contractions in fetal hypothyroidism, studies which are not possible in humans, and might help to establish therapeutic methods for these disorders observed in uterine contractions.
offspring (Radovanovic, Roksandic, Simic, Markovic, & Gledic, 2012) .
One could therefore expect that maternal hypothyroidism would be associated with a lower rate of fertility in the offspring.
Hypothyroidism reduces the amplitude and frequency of spontaneous rhythmic contractions in the uterus of virgin rats (Parija, Raviprakash, Telang, Varshney, & Mishra, 2001 ). The volumes of both the endometrium and myometrium and therefore uterine weight are lower in hypothyroid rats (Armada-Dias et al., 2001; Parija, Mishra, & Raviprakash, 2006) . To the best of our knowledge, no previous study has addressed the effect of fetal hypothyroidism on uterine rhythmic contractions in rat offspring. In the present study, we hypothesized that thyroid hormone deficiency during pregnancy changes uterine rhythmic contractions and uterine histology in the offspring.
METHODS

Ethical approval
All animal use protocols were approved by the local ethics committee of the Research Institute for Endocrine Sciences (RIES) of the Shahid Beheshti University of Medical Sciences (approval no.
3ECRIES93/11/26). All efforts were made to minimize the number of the animals used and their suffering. At the end of experimental period, the rats were anaesthetized using ketamine (50 mg kg −1 ) and xylazine (10 mg kg −1 ) administered by I.P. injection and killed by exsanguination while under general anaesthesia. We acknowledge the ethical principles and regulations of Experimental Physiology, and the study was carried out in accordance with the animal ethics checklist described by Grundy (2015) .
Animals and protocol of the study
Female Wistar rats were bred locally in the animal facility of the RIES of the Shahid Beheshti University of Medical Science. Female rats (age 99 ± 4 days; weight 180-220 g) were housed with males in polypropylene cages overnight in an environmentally controlled room (temperature 22 ± 3 • C) with 12 h-12 h light-dark cycle. The presence of spermatozoa in the vaginal smears the following morning was considered as an index of pregnancy, and this day was considered as day 0 of pregnancy. Pregnant females (n = 16) were randomly divided into the fetal hypothyroid (FH) and control groups (n = 8 per group) and then transferred to separate cages. The FH group received 0.025% 6-propyl-2-thiouracil (PTU; Sigma-Aldrich, Germany) in the drinking water throughout pregnancy, whereas the control group consumed tap water; the treatment was initiated on day 1 of pregnancy and discontinued immediately after delivery. Both male and female pups remained with their dams during lactation until postnatal day 21. To avoid bias, in all groups studied, one female per litter was included in the study except for one mother that contributed two pups from her litter (in each group, thyroid hormone measurement was done in neonates (n = 9 per group) after decapitating the head). After weaning, the female offspring of the control and FH rats (n = 9 per group) were housed in groups of four per cage and had free access to food and water until the end of the study. Body weight was measured weekly (A&D scale EK-300i, Japan; sensitivity 0.1 g) from the first day of birth until the end of the third month. Food intake in the offspring was determined after weaning until the end of the third month by the difference between the amount of provided food and the amount of food remaining 1 week later. The data are given based on intake per cage divided by the number of rats per cage (Karbalaei, Ghasemi, Hedayati, Godini, & Zahediasl, 2014) . Food weights were recorded with a scale (Saritorius, Göttingen, Germany; sensitivity 0.01 g). All experiments, including hormone measurements, assessment of uterine contraction, histological evaluation, measurement of body and uterine weights, measurements of food intake and assessment of puberty, were performed using the same rats.
Gestational length, litter size and mortality rate
In separate groups of rats, gestational length and litter size were recorded in hypothyroid and control mothers (n = 8 in each group) and in their female offspring (n = 9 in each group) when they themselves were pregnant and gave birth (age 97 ± 4 days; weight 190-230 g). The offspring mortality rate was also recorded in each case.
Observation of vaginal opening
Given that vaginal opening in normal rats usually takes place between days 29 and 35 (Posobiec, Vidal, Hughes-Earle, Laffan, & Hart, 2015) , the rats were inspected daily for vaginal opening from postnatal day 21 after birth. Vaginal opening is a physical hallmark for sexual maturity in rodents (Posobiec et al., 2015) . The onset of puberty was defined as the age (in days) at which vaginal opening occurred (Engelbregt, Houdijk,
Determination of oestrous cycle
The oestrous cycle was monitored by daily observations of vaginal smears for all female offspring between 08.00 and 11.00 h for 21 days consecutively. Vaginal smears were collected using a lavage technique to index the stage of the oestrous cycle. A disposable pipette containing 10 l of normal saline (0.9% w/v) was inserted slightly into the vagina; the fluid was then flushed into the vagina and recollected into the pipette. The sample was then placed onto a glass slide; smears were fixed with 70% ethanol, stained with Giemsa and examined by light microscopy (×100 magnification) for determination of the oestrous cycle phase (Courtney, Vetter-O'Hagen, & Spear, 2012) .
The proportions of leucocytes, epithelial and cornified cells were determined in the daily vaginal smears. These proportions change in a characteristic manner during the different stages of the oestrous cycle.
Hormone measurements
Blood samples were obtained from the control and hypothyroid mothers after delivery and from the offspring during adulthood in the oestrous phase of their oestrous cycle by means of a small incision at the end of their tails (Fluttert, Dalm, & Oitzl, 2000) and from neonates by decapitating the head. Adult rats were restrained during the tailnicking procedure for ∼2 min, and 1 ml of blood was collected. Blood was centrifuged at 3000g for 10 min at 4 • C and sera were kept at −20 • C. Serum 17 -estradiol (E 2 ) and progesterone concentrations were measured using enzyme-linked immunosorbent assay (ELISA) kits (Diagnostics Biochem Canada Inc., Ontario, Canada); serum total triiodothyronine (TT 3 ) and total thyroxine (TT 4 ) concentrations were measured using ELISA kits (Pishtazteb Zaman Co., Tehran, Iran). Intraand interassay coefficients of variation were as follows: E 2 , 3.5 and 6.6%; progesterone, 4.6 and 6.2%; TT 3 , 3.2 and 4.8%; and TT 4 , 4.5 and 5.7%, respectively. The sensitivities of E 2 , progesterone, TT 3 and TT 4 measurement were 10 pg ml −1 , 0.1 ng ml −1 , 0.1 ng ml −1 and 0.4 g dl −1 , respectively. Regarding specificity, there was no major (i.e.
>2%) cross-reactivity in measurements of E 2 , TT 3 and TT 4 ; however, the kit for measurement of progesterone had a 100% cross-reactivity with 11 -OH-progesterone; this issue does not affect our results, because 11 -OH-progesterone is not endogenous in the rat (Souness, Latif, Laurenzo, & Morris, 1995) .
Isometric tension measurement
In the adult offspring rats (age 96 ± 4 days), mechanical responses The left uterine horn was placed in a dish containing ice-cold Krebs solution (mM: 11.90 NaHCO 3 , 2.13 MgCl 2 , 0.40 NaH 2 PO 4 , 139.97 NaCl, 3.00 KCl, 2.04 CaCl 2 and 5.05 glucose, pH 7.4) bubbled with 95% O 2 and 5% CO 2 . Longitudinal strips (∼3 mm × 10 mm) from each mid-horn region were dissected out and suspended in an organ bath containing 50 ml Krebs solution, and bubbled continuously with 95% O 2 and 5% CO 2 at 37 ± 0.5 • C. One end of the preparation was attached to a stainless-steel rod and the other end to a force transducer (MLT0202; ADInstruments, Spain), placed under a resting tension of 1 g and equilibrated for a period of 1 h (Darios, Seitz, & Watts, 2012) . Changes in isometric force were recorded using an ADInstruments PowerLab (ML866; Australia). Data were saved and quantified using the program Chart 7.0 (ADInstruments).
After 1 
Measurement of uterine weight
For both the FH and the control group, the uteri were removed. Their weights were measured using a digital scale (TE124S; the value of scale division (d) = 0.1 mg; Sartorius, Göttingen, Germany), and the ratio of uterineweight to body weight was calculated.
Histological analysis
The right uterine horn (n = 9 in each group) was removed and washed with ice-cold 0.9% NaCl. The middle part of the uterine horn was fixed in 10% buffered formalin and then embedded in paraffin. Sections 5 m in thickness were prepared from each sample and stained with
Haematoxylin and Eosin. Four sections at equal intervals (one slice every 30 m) were selected from each sample and digitally photographed using an Eclipse E200 microscope (Nikon, Tokyo, Japan) at magnifications of ×40 and ×400. The four fields of each section at 0, 90, 180 and 270 deg were selected and the thicknesses of both the endometrium and the myometrium were measured. The average of the four regions was calculated for each section. Cross-sectional areas (CSAs) of uterine horns were also calculated. ImageJ software TA B L E 1 Serum total triiodothyronine and total thyroxine concentrations in the fetal hypothyroid and control groups at birth and adulthood and in their mothers at the time of delivery 98.6 ± 10.7 49.1 ± 14.5* 64.8 ± 9.3 34.5 ± 8.5* 87.9 ± 3.7 85.6 ± 3.2
Total thyroxine ( g dl −1 ) 2.8 ± 0.85 0.6 ± 0.1* 0.8 ± 0.2 0.4 ± 0.1* 3.4 ± 0.3 3.3 ± 0.4
Abbreviation: FH, fetal hypothyroidism. Values are means ± SD; n = 9 per group. * P < 0.001.
(1.44p; National Institutes of Health, Bethesda, MD, USA) was used to calculate the thickness of uterine layers and the CSA of uterine horns in all slices.
Statistical analyses
Values are presented as means ± SD. GraphPad Prism software, 
RESULTS
Hormone determinations and weight gain of the animals
Administration of PTU in the drinking water decreased circulating TT 3
and TT 4 in the hypothyroid mothers and their neonates. In the adult offspring of the PTU-treated group, hormone concentrations were not different from those of the adult control offspring (Table 1 ). In the adult offspring, there was no significant difference between the control and FH groups for serum concentrations of E 2 (7.99 ± 1.85 versus 7.96 ± 1.97 pg ml −1 ) or progesterone (5.9 ± 0.7 versus 5.7 ± 0.8 ng ml −1 ).
Although the body weight of the FH rats was significantly lower compared with control animals from the first day (6.12 ± 0.6 versus 4.3 ± 0.5 g, P < 0.001 in control and FH group, respectively) until the end of 12 weeks, there was no difference in the body weight of offspring at 13 weeks of age in the C and FH groups. F I G U R E 1 Body weight (a) and food intake (b) in the fetal hypothyroid (FH) and control rats. Data are expressed as means ± SD; n = 9 per group. There are statistically significant differences between different treatments (FH and control). Insets show area under the curves P < 0.001) and a significant interaction between time and group (F 13,104 = 3.1, P < 0.001; Figure 1a ). Food intake was not significantly different between the FH and control rats (Figure 1b) . In the offspring, uterine weight in the FH group was significantly lower than that in the control group (302.2 ± 58.3 versus 468.9 ± 85.0 mg, P < 0.001);
in addition, the uterine weight to body weight ratio was significantly lower in the FH group (2.0 ± 0.3 versus 1.3 ± 0.2 mg g −1 , P < 0.001). 
Gestational length and litter size
Gestational length was significantly longer in the hypothyroid mothers compared with the control animals (24.0 ± 1.0 versus 21.5 ± 0.5 days,
Compared with control mothers, litter size (the total number of pups per dam) was significantly lower in hypothyroid mothers (8.9 ± 0.6 versus 10.5 ± 0.9, P < 0.001, n = 8).
Thirteen of 71 offspring (of which 28 were female) born to hypothyroid mothers and seven of 84 offspring (of which 32 were female) born to control mothers died; the mortality rate was significantly higher in the offspring born from hypothyroid mothers (18.3 versus 8.3%, P < 0.001).
The gestational length was also significantly longer in offspring born from hypothyroid mothers compared with their corresponding controls (24.2 ± 1.2 versus 21.5 ± 0.8 days, P < 0.001, n = 9), and the total number of pups was significantly lower than that of offspring born from control mothers (5.0 ± 1.2 versus 9.1 ± 1.3, P < 0.001, n = 9).
The mortality rate in offspring born to offspring with FH was 20% (9/45), significantly higher compared with the control group (6.6%, 5/82, P < 0.001); the number of female offspring born to FH offspring were 30 and 20 in control and FH groups, respectively.
Vaginal opening time and oestrous cycle
The mean time of vaginal opening was significantly (P < 0.001) delayed in the FH group (40.9 ± 1.9 days, range 37-42 days, n = 9) compared with control rats (34.9 ± 1.0 days, range 33-36 days, n = 9). According to vaginal smears, in both the FH and control groups, oestrous cycles started 2-3 days after vaginal opening; however, FH rats had significantly longer oestrous cycles than control animals (6.3 ± 0.3 versus 4.1 ± 0.2 days, P < 0.001, n = 9). In addition, oestrous cycles were irregular (having cycles with a period of dioestrus longer than 3 days or a period of oestrus longer than 2 days) in the FH group. Figure 2 shows representative traces of spontaneous rhythmic contractions during the equilibration period; the tissues in both groups had not been exposed to any agonist but were under passive tension. The mean amplitude of rhythmic contractions in the uterus of control rats (3.6 ± 0.7 g; n = 9) was significantly (P < 0.010) greater than that for FH rats (1.9 ± 0.6 g; n = 9). Likewise, a decrease in the mean Comparison of amplitude (a) and frequency (b) of rhythmic contractions between fetal hypothyroid (FH) and control rats. Values shown are means ± SD; n = 9 per group. There are statistically significant differences between different treatments (FH and control). Responses to 60 mM KCl are 2.16 and 1.57 g in control and FH groups, respectively. Insets show area under the curves frequency of spontaneous contractions was noted in the uterus of FH rats [6.7 ± 1.9 (10 min) −1 ; n = 9] compared with control rats [10.8 ± 1.6 (10 min) −1 ; n = 9; P < 0.010]. In addition, intervals between contractions were relatively similar in the control group, whereas they were more variable in the FH group. Uteri from the control rats had, on average, one contraction every 29 s (range 27-31 s), and this was significantly (P < 0.001) less in the FH group (one contraction every 89 s; range 30-210 s).
Response to contractile agonists
We used the contractions of uterine strips in response to 60 mM KCl to normalize the response to OXY and CCh. The KCl-induced contractions were comparable between the start and the end of the each experiment in both the control (first challenge 2.16 ± 0.09 g; final challenge 2.26 ± 0.15 g) and FH (first challenge 1.58 ± 0.29 g; final challenge 1.54 ± 0.28 g) groups; this finding allowed us to use 60 mM KCl as a normalizer throughout the experiment. Amplitudes of rhythmic contractions in the response to 60 mM KCl were significantly (P < 0.010) lower in the FH group at the start of the experiments (1.58 ± 0.29 g, n = 9) compared with the control group (2.16 ± 0.09 g, n = 9).
After exposure of isolated uteri to CCh, results of two-way mixed ANOVA for amplitude of contraction indicated a significant group effect (F 1,8 = 24.0, P < 0.001), dose effect (F 7,56 = 549.7, P < 0.001) and interaction between dose and group (F 7,56 = 4.7, P < 0.001; Figure 3a ).
In addition, contractions were of lower frequency in the FH group compared with the control group. Results of two-way mixed ANOVA for frequency of contraction indicated a significant group effect (F 1,8 = 264.7, P < 0.001), dose effect (F 7,56 = 240.9, P < 0.001) and interaction between dose and group (F 7,56 = 7.0, P < 0.001; Figure 3b ).
The log EC 50 of CCh-induced amplitude of contractions for FH rats (−6.8 ± 0.1 M) was not statistically different from that of control animals (−6.6 ± 0.1 M); however, the maximal response for amplitude of contraction in the control group (369.6 ± 8.0% of 60 mM KCl) was significantly (P < 0.001) higher than that of the FH group (273.4 ± 5.4% of 60 mM KCl). The log EC 50 of the CCh-induced frequency of contractions for FH rats (−6.9 ± 0.1 M) was not statistically different from that of control animals (−6.9 ± 0.1 M); however, the maximal response for frequency of contractions in the control group [15.7 ± 0.2 (10 min) −1 ] was significantly (P < 0.001) higher than that of FH group however, the maximal response for the amplitude of contraction in the control group (278.6 ± 6.9% of 60 mM KCl) was significantly (P < 0.001) higher than that of the FH group (219.6 ± 7.8% of 60 mM KCl). The log EC 50 of the OXY-induced frequency of contractions for FH rats (−10.2 ± 0.1 M) was not statistically different from that of control rats (−10.1 ± 0.1 M); however, the maximal response for the frequency of contractions in the control group [14.2 ± 6.9 (10 min) −1 ] was significantly (P < 0.001) higher than that of the FH group 
Histology of uterine tissue
The thickness of the endometrium was significantly greater in the control group when compared with that of the FH rats. The thickness of the myometrium was found to be significantly less in the FH group compared with the control group. The CSA of the uterine horn was also significantly lower in the FH group (Table 2 and Figure 5 ).
DISCUSSION
Our results demonstrated that fetal hypothyroidism reduces contractions of isolated uteri (amplitude and frequency) in response to CCh or OXY in the adult offspring rats. Moreover, this is accompanied by changes in uterine histology. In addition, thyroid hormone deficiency during pregnancy increased gestational length, decreased litter size and delayed puberty onset in the female offspring. 370.2 ± 39.4 261.1 ± 9.6* CSA ( m 2 ) 712159 ± 39 302197 ± 37* Abbreviations: CSA, cross-sectional area of the uterus; and FH, fetal hypothyroidism. Values are means ± SD; n = 9 per group. * P < 0.0001.
TA B L E 2
In our study, PTU administration decreased TT 3 and TT 4 in both the mothers and the neonates, confirming the induction of hypothyroidism (Ghasemi, Mehrazin, & Zahediasl, 2013) . Adult offspring born from hypothyroid mothers were euthyroid, which shows that fetal hypothyroidism in the present study was a transient disorder that could be attributed to treatment with PTU during pregnancy (Ghanbari & Ghasemi, 2017) . In line with these findings, our previous studies (Bagheripuor, Ghanbari, Zahediasl, & Ghasemi, 2015; Ghasemi et al., 2013; Karbalaei et al., 2013) have also indicated normal TT 3 and TT 4
concentrations in the adult offspring of rats exposed to gestational hypothyroidism. In the present study, neonatal rats born to mothers with hypothyroidism had significantly lower birth weight, a finding similar to those of our previous studies (Bagheripuor et al., 2015; Karbalaei, Ghasemi, Faraji, & Zahediasl, 2013) . From the results of the present study, we could not explain the lower body weight in the presence of equal food intake; however, it has been shown that thyroid hormones are strongly involved in the regulation of body growth during fetal and neonatal periods by stimulating the production of growth factors (Cabello & Wrutniak, 1989) .
In the present study, FH rats had significantly lower uterine weights than control animals; this finding is similar to those described previously in the adult hypothyroid rat (Armada-Dias et al., 2001 ). In addition, it has been shown that the volume and weight of the uterine horns and, in particular, the muscle layer, are reduced in adult hypothyroid rats (Inuwa & Williams, 1996) . Changes in uterine weight might be related to effects of thyroid hormones on tissue accretion and differentiation in the fetal period (Forhead & Fowden 2014) .
In this study, gestational length was longer and litter size smaller in hypothyroid mothers and offspring born to hypothyroid mothers, respectively, a finding similar to that reported in thyroidectomized (Rao & Panda, 1980) and hypothyroid (Karbalaei et al., 2013) rats. The increased length of pregnancy in hypothyroidism might be attributable to the smaller size of the litter, which provides insufficient mechanical stimulus to initiate uterine contraction (Rao & Panda, 1980) . According to our results, the decreased frequency and amplitude of uterine contractions might also be involved in the increased gestational length;
however, given that in the present study the uterine contractions were The uterine horn is made up of three distinct structural entities: the luminal epithelium, the stroma and two layers of smooth muscle or myometrium (My). The stroma is composed of blood vessels (BV), endometrial glands (G) and connective tissue cells; the luminal epithelium and stroma are collectively referred to as the endometrium (En). There is an inner circular (C) and an outer longitudinal (L) smooth muscle layer. The luminal epithelium is simple columnar and rests on a thin basement membrane. It is thrown into folds, thereby increasing the surface area of the lumen. Haematoxylin and Eosin staining; n = 9 per group. Scale bars represent 300 and 100 m. Student's unpaired t test was used to compare the two groups 2010). This might be attributable to differences in thyroid hormone synthesis and metabolism and to differences in the alterations to the binding protein during pregnancy (Choksi, Jahnke, St Hilaire, & Shelby, 2003) .
In the present study, delayed vaginal opening and irregular oestrous cycles were observed in the FH offspring, a result similar to that reported for the offspring of rats exposed to PTU during the second half of gestation and lactation (Shibutani et al., 2009 ). The delayed onset of puberty in FH rats in the present study might be attributable to lower body weight, as this is one of the major determinants of puberty onset (Kennedy & Mitra, 1963) . A delay in the onset of puberty in fetal hypothyroid rats might be attributable to systemic growth retardation that can persist into adulthood (Shibutani et al., 2009 ). Fetal hypothyroidism leads to an asymmetrical type of intrauterine growth restriction, with a reduction in muscle mass (Fowden, 1995) , and intrauterine growth restriction leads to growth retardation and a delayed onset of puberty in female pups (da Silva Faria, da Fonte Ramos, & Sampaio, 2004) . Female rats with intrauterine growth retardation also have a significantly delayed vaginal opening (Engelbregt et al., 2000) .
The results of the present study indicate that uterine rhythmic contractions (both amplitude and frequency) of adult FH rats are reduced. These findings are in agreement with those of Parija et al. (2001) , who investigated the effect of adult hypothyroidism on spontaneous rhythmic contractions of the rat uterus and reported that reduced Ca 2+ channel function might be responsible for a reduction in the amplitude of rhythmic uterine contractions in hypothyroidism.
We previously investigated the effects of fetal hypothyroidism on vascular contractility in the offspring and reported that in hypothyroid offspring, the contractile responses to vasoconstrictors are lower in comparison to euthyroid animals and that Ca 2+ channels were less functional (Sedaghat, Zahediasl, & Ghasemi, 2015a) . It has been reported that hypothyroidism depresses the spontaneous rhythmic contractions in the rat portal vein, which was attributed to an increase in the opening of ATP-sensitive K + channels (Jagadish, Raviprakash, Telang, & Mishra, 1996) . Here, the adult FH rats had normal concentrations of thyroid hormones but decreased uterine contraction during adulthood, and this was associated with decreased thickness of the myometrium (see later discussion). It is also possible that the alteration in the mechanical responses of the uterus in hypothyroidism results from changes in both Ca 2+ and K + channel functions (Parija et al., 2006) . It has been shown that the isometric developed tension of spontaneous contractions in isolated rat uterine strips is influenced by sex hormones (Sterin-Speziale, Gimeno, Bonacossa, & Gimeno, 1980) . However, in our study the reduction in rhythmic contractions could not be attributed to a change in sex hormones because there was no significant change in E 2 or progesterone concentrations in the fetal hypothyroid rats compared with the control animals. However, values of E 2 or progesterone might be different on other days of the oestrous cycle. In addition, with regard to the observed alteration in the length of the oestrous cycle in FH rats, this might be a consequence of alterations in the rhythmic exposure to ovarian hormones. Similar to our results, no change in circulating E 2 and progesterone concentrations has been reported previously in adult hypothyroid rats (Armada-Dias et al., 2001) .
In this study, thyroid hormone deficiency during fetal life reduced the thickness of the endometrium and myometrium; in addition, the CSA of uterine tissue was also lower in FH rats. These findings are supported by data demonstrating decreases in the thickness of the endometrium, muscle layer and CSA of the uteri in hypothyroid rats (Inuwa & Williams, 1996) . Evans, Farwell, and Braverman (1983) and Mukku, Kirkland, Hardy, and Stancel (1983) have shown that the rat uterus is a specific site for thyroid hormone action by demonstrating the presence of thyroid hormone receptors. It is known that thyroid hormones have a growth-promoting action in rats, and their absence leads to growth retardation (Evans, Rosenberg, Evans, & Koneff, 1964) ; thus, absence of these hormones could slow down the normal processes of tissue growth and replacement, resulting in decreased thickness of the endometrium and muscle layers (Inuwa & Williams, 1996) . Mittag, Winterhager, Bauer, and Grümmer (2007) showed that the absence of the Pax8 gene results in congenital hypothyroidism in mice; they reported that thyroxin-substituted female Pax8 −/− mice were infertile because they lacked a functional uterus, revealing only remnants of myometrial tissue. In rats, FH has been associated with smaller ovaries and an underdeveloped uterus (Choksi et al., 2003) .
Together, these data highlight the importance of developmental effects of thyroid hormones on the uterus and the ovary; effects that seem to be impaired in offspring from hypothyroid mothers.
In the present study, we did not measure some other variables that are involved in smooth muscle contraction in the uterus, including contractile proteins, caveolin 1, connexin 43 and cyclooxygenase 2 (Elmes et al., 2015; Muir et al., 2016) . Caveolin 1 is involved in myometrial excitability (Taggart & Morgan, 2007) .
Connexin 43 synchronizes myometrial contractions. Cyclooxygenase 2 contributes to the synthesis of prostaglandins; prostaglandin F 2 and prostaglandin E 2 stimulate and inhibit myometrial contractions, respectively (Elmes et al., 2015) . Future studies are needed to elucidate effects of hypothyroidism during pregnancy on these parameters.
Conclusion
The findings of this study indicated that thyroid hormone deficiency during pregnancy increased gestational length, decreased litter size, delayed puberty onset and reduced uterine contractions in the offspring. These changes might result from structural modifications to the uterus, including decreased thickness of the endometrium and myometrium, and might have implications for fertility.
